The purpose of this study was to evaluate mechanical properties, surface characteristics and castability of Zr-14Nb dental castings. The mean 0.2% proof and ultimate tensile strengths of Zr-14Nb were approximately 68% and 76% those of Ti-6Al-7Nb, respectively, while they were comparable to Co-29Cr-6Mo. Elongation of Zr-14Nb was the highest of all alloys tested. The hardened reaction layer was formed on the surfaces of the Zr-14Nb castings. The layer consisted of oxygen and aluminum originating form investment. The castability of Zr-14Nb was comparable to that of Ti-6Al-7Nb. Dental castings of Zr-14Nb reveal mechanical properties that were within the range of the other dental alloys. Further improvements in castability and minimization of the surface reaction layer are needed for applications in dental prostheses.
INTRODUCTION
All-ceramic restorations are non-allergic and they fulfill the aesthetic demands of fixed prostheses 1, 2) , while recent studies demonstrate that veneer chipping and cracking are the primary modes of failure of such restorations 3, 4) . Metal-ceramic restorations remain the most widely used restorative concept because of their combined strength and aesthetics, especially in long-span implantsupported fixed prostheses. Originally based on precious metal alloys, metal-ceramic restorations were used lower cost base metal alloys such as titanium (Ti) alloys that possess excellent corrosion resistance and good physical properties 5) , and cobalt (Co) base alloys that show higher elastic modulus than noble metals [6] [7] [8] [9] . However, such conventional alloys may inhibit the use of magnetic resonance imaging (MRI) diagnostics for head and neck disorders when they are placed in the mouth as implants or large units of dental restorations. Ferromagnetic substances such as Fe, Co, and Ni that are strongly attracted by a magnetic field can create MRI artifacts that cause obscure images of tissues near the metallic objects 10) . Non-ferromagnetic materials such as Ti also produce artifacts 11) . Moderate-to highmagnitude artifacts appeared when using Ti and Ti alloys, depending on the magnetic field intensity and MRI sequence parameters 12) . MRI artifacts increase with increasing magnetic field strength 13) . Considering that there is a growing interest in the use of high field strengths (3 T and higher) during MRI to increase diagnostic yield 14, 15) , development of dental alloys with low magnetic susceptibility is anticipated for longspan fixed prostheses and implant-supported superstructures [16] [17] [18] [19] . Zr-Nb and Zr-Mo binary alloys with low magnetic susceptibility have attracted attention for these applications [16] [17] [18] [19] [20] . It was found that the magnetic susceptibility in these alloys was reduced to about one-seventh of that of the Co-Cr alloy and one-third of that of Ti and Ti alloys 18, 19) . To obtain lower magnetic susceptibility and higher mechanical properties, a Zr-Nb alloy with 14 mass% Nb along with a reduced ω phase in the alloy structure, has recently been explored as a new biomaterial 21, 22) . While there are promising results for the mechanical properties of the Zr-14Nb alloy, the potential formation of a reaction layer on the surfaces of the zirconium castings has not been well investigated. An oxygen-rich layer, such as the alpha-case layer of the Ti surface, results in interstitial embrittlement and causes a detrimental effect on dental prostheses because of decreased ductility 23) and reduced fatigue corrosion resistance 24, 25) . The castability and the surface characteristics of the Zr-14Nb alloy, especially in relation to the surface reaction layer of the castings, have not been sufficiently assessed. In this study, a Zr sponge of higher purity than that used in a previous study 21) was melted to prepare a Zr-14Nb ingot for casting because mechanical properties vary with the content of impurities 26) . The purpose here was to evaluate castability, surface characteristics, and mechanical properties of the Zr14Nb alloy and compare them to those of Ti-6Al-7Nb and Co-29Cr-6Mo alloys. The conclusions drawn from this study will advance further assessment of this new alloy for metal-ceramic restorations.
MATERIALS AND METHODS

Cast specimens
Zr-14Nb alloys were arc melted to create ingots from a pure Zr button (99.8 mass%) and Nb shot (99.9 mass%) under an argon atmosphere on a water-cooled Surface characteristics and castability of Zr-14Nb alloy dental castings Table 1 . Each alloy ingot was flipped and re-melted at least 10 times to homogenize the composition. The melting temperature of this alloy was determined in our previous study 18) . The melting temperature of Zr-14Nb alloy is about 1,800°C. This temperature was estimated from a Zr-Nb binary alloy phase diagram. The Ingot is button-shape with 30 mm in diameter, about 15 mm in height, and about 60 g in weight. After calibration, five points of each ingot was analyzed by X-ray fluorescence analysis (XRF; XGT-1000WR, Horiba, Kyoto, Japan). These results are listed in Table 2 . Fe and Sn are common impurities in zirconium. Therefore, these elements were also detected in XRF.
Dumbbell-shaped wax patterns (3 mm in diameter and 18 mm in length) for the uniaxial tensile test, and cylindrical wax patterns 10 mm long with diameters of 1.5 mm, 2.0 mm, and 3.2 mm were employed for the microhardness test and microscopic observation. Each pattern was invested using an alumina investment material (T-invest; GC, Tokyo, Japan) according to the manufacturer's instructions (water/powder ratio: 0.14).
The casting molds were placed in a furnace to burn out patterns and to thermally expand the molds. Each metal ingot was placed in a dental casting machine (Ticast Super R, Kobelco, Kobe, Japan). The metal ingot was then arc-melted (250 A, electrode distance 6 mm) for 60 s in a high-purity argon atmosphere and then centrifugally cast into the mold. After casting, the mold was quenched in water. In our previous study 21) , mechanical property of the specimens was not constant when the molds were not quenched in water immediate after casting. In other word, quenching is a predominant process to obtain specimens with the same mechanical property. Therefore, we employed the quench on the process. Each casting was treated by sandblasting with 50-70 μm-grain alumina (Shofu, HI ALUMINAS, Kyoto, Japan) at 0.2 MPa (Jet Blast II, Morita MFG, Osaka, Japan). Ti-6Al-7Nb (T-Alloy Tough, GC, Tokyo, Japan) and Co29Cr-6Mo (Cobaltan, Shofu, Kyoto, Japan) alloys were also used to prepare control specimens. The investment materials are shown in Table 3 and the casting machines and casting conditions are summarized in Table 4 .
Tensile test
Uniaxial tensile test was performed at an initial strain Fig. 1 Representative stress-strain curves of as-cast Zr14Nb, Ti-6Al-7Nb, and Co-29Cr-6Mo alloys. rate of 1.1×10 −3 s −1 using a universal testing machine (AG-2000B, Shimadzu, Kyoto, Japan) at room temperature (n=5 for each alloy), according to JIS Z 2241. The strain was measured using a non-contact optical strain gauge. The 0.2% proof, ultimate tensile strengths, and elastic modulus were obtained from the stress-strain curve. The date were evaluated using SPSS (Statistical Package for the Social Sciences) software (PASW Statistic 13; SPSS Inc., Chicago, USA). Significant differences were statistically analyzed using one-way analysis of variance (ANOVA) and Tukey's test. Results with p<0.01 were considered significant.
Microhardness test and microscopic observation
Cylindrical cast specimens (n=5 for each diameter) were cross-sectioned at 5 mm from the sprue attachment, and were embedded in epoxy resin (Technovit 4000, Heraeus Kulzer, Besten Handen, Germany). After polishing, specimens were acid-etched in a solution of 1 part HF, 4 parts HNO 3 and 15 parts H2O. Compositional analysis of the Zr-14Nb and Ti-6Al-7Nb alloys were performed by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) (S-3400NX, Hitachi, Tokyo, Japan) under an accelerating voltage of 15 kV and emission currents of 68 μA (n=5) for each alloy. Spot analysis was performed at 0 μm, 50 μm, 100 μm, 150 μm, 200 μm, 350 μm, and 500 μm from the outermost surface, with 5 randomly selected points for each interval. Spot size was 10 μm. The measurements were conducted for 6 areas in each alloy. The Zr-14Nb alloy was examined by EDS for the presence of Zr, Nb, O, and Al. The compositional difference was analyzed using one-way ANOVA and Tukey's test. Results with p<0.01 were considered significant.
The microhardness test for the 3.2 mm-diameter specimens was performed at 20 μm, 50 μm, 100 μm, 150 μm, 200 μm, 250 μm, 350 μm, 500 μm, 700 μm, 1,000 μm, and 1,500 μm from the outermost surface, with a load of 100 g for 30 s (HMV-200, Shimadzu, Kyoto, Japan). For the specimens with 1.5 mm-and 2.0 mm-diameters, the microhardness was measured at 20, 50, 100, 150, and 200 μm from the surface. This procedure was repeated 5 times for 5 specimens of each alloy. The thickness of the hardened layer was defined as the first position, starting from the inside toward the surface, where the difference in hardness between two adjacent measuring points was significant (one-way ANOVA and Tukey's test, p<0.01). Castability 20×20 mm square wax sheets of 0.35 mm-or 0.46 mm-thickness (Sheet wax, GC, Tokyo, Japan) were invested using wax sprues (2.0 mm in diameter and 5.0 mm in length) with 20 mm long runner bars. The casting procedures and the investment materials were the same as those mentioned above. Each casting was photographed from one side of the sheet and the vacant area was measured using an image analysis software (image J, NIH, USA). The castability index was defined as the area of the cast segment relative to the total area. One-way ANOVA and Tukey's test was used to compare the casting rate of each alloy. Results with p<0.01 were considered significant.
RESULTS
Mechanical properties
Representative stress-strain curves in the tensile test for the alloys used in this study are shown in Fig. 1 . The mean 0.2% proof and ultimate tensile strengths for Zr-14Nb were approximately 68% and 76% that of Ti-6Al-7Nb, respectively, and were comparable to that of Co-29Cr-6Mo (Table 5 ). The mean elastic modulus of Zr-14Nb was approximately 72% that of Ti-6Al-7Nb and 38% that of Co-29Cr-6Mo. The percent elongation of Zr-14Nb was the greatest of all alloys tested with the average value being 223% that of Ti-6Al-7Nb and 129% that of Co-29Cr-6Mo. Figure 2 shows the changes in the mean microhardness (HV) for the 3.2 mm-diameter cylindrical specimens of all three alloys. For the inner regions present between 500 μm and 1,500 μm in depth, Co-29Cr-6Mo exhibited the highest hardness, followed by Ti-6Al-7Nb and Zr14Nb alloys. Co-29Cr-6Mo showed a relatively constant HV from surface to the inside, while the other alloys showed a considerably higher HV value at the surface compared to that at a depth of more than 150 μm. Figure  3 shows the HV changes at a surface region less than 200 μm in depth for Zr-14Nb and Ti-6Al-7Nb specimens of different diameters. For specimens of 1.5 mm-and 2.0 mm-diameters, the HV values at the surface regions were significantly greater than those in the regions with a depth of 50 μm or more, indicating that the top 50 μm-thick surface layer was hardened. In the 3.2 mm-diameter specimens, the HV became constant at depths of 150 μm and 100 μm, for Zr-14Nb and Ti-6Al-7Nb, respectively, indicating the thickness of the hardened layers for these alloys. For all alloys, the HV values at a depth of 20 μm, or the outermost measurement point, significantly increased as the specimen diameter increased. The SEM images (Fig. 4) show the surface reaction layers in Zr14Nb and Ti-6Al-7Nb alloy castings. The arrows indicate the surface reaction layer of each alloy. 
Surface hardened layer
EDS analysis
Elemental distributions of the Zr-14Nb castings are shown in Fig. 5 . For all the specimen diameters, the average Zr content was relatively low at the surface region compared to that of the bulk. The lowest average Zr content of 65.6% was obtained for the 3.2 mm-diameter specimens (Fig. 5c) . The Zr content stabilized at 82.8% in the inner regions of all the castings. Regardless of the specimen diameter, the O and Al content were highest near the surface and the values decreased as the depth increased. The Nb content in the 1.5 mm-and 2.0 mmdiameter specimens was higher at the surface than in the bulk and stabilized at 14.2% at a depth of more than 50 μm. The Nb content in the 3.2 mm-diameter specimens was relatively insensitive to the depth. Figure 6 shows the O content as a function of depth in the Zr-14Nb and Ti-6Al-7Nb castings. For all diameters, the O content was higher at the surface regions than in the bulk. At the regions near the surface, the O content was significantly higher as the specimen diameter increased. Figure 7 shows the castability indices of the 0.35 mmand 0.46 mm-thick sheets. For the 0.35 mm-thick sheets, the castability index of the Co-29Cr-6Mo was significantly higher than those of the other alloys (p<0.01), while there was no significant difference in the castability between Zr-14Nb and Ti-6Al-7Nb. For the 0.46 mmthick sheets, there were no significant differences in the castability between Zr-14Nb and Ti-6Al-7Nb, while the castability index of the Co-29Cr-6Mo was significantly higher than Zr-14Nb.
Castability index
DISCUSSION
Zr-14Nb castings exhibited greater elongation than the other alloys as well as the Type IV gold alloy (ISO standard, > = 10% for softened, > = 3% for hardened) 27) . Unlike the behavior around the notch in a more brittle material, the stress concentration in a ductile alloy with a higher elongation blunts the sharp tip of the stress raiser, thus lowering the stress concentration and increasing the actual strength 28) . The ductility also allows the margins of the restorations to be burnished; therefore the elongation relates to the margin-finishing properties, which is important in metal-ceramic restorations 28) . The 0.2% proof strength, ultimate tensile strengths, and elastic modulus are within the range of a metal for porcelain fused which is currently used 27) . Totally judging from HV, SEM images, and EDS characterization, the thickness of the surface reaction layer in the Ti-6Al-7Nb castings of the present study was approximately 50-100 μm, which is within the range of reported reaction layers of 20 μm to 500 μm for commercially pure Ti and some Ti alloys 29, 30) . The elemental distributions suggest that these alloys interacted with oxygen and other elements contained in the investment materials during the casting procedures 23) .
The reaction layer often exhibits porous and brittle characteristics, which could reduce ductility, fatigue, and corrosion resistance [23] [24] [25] . A previous study demonstrated that the Ti reaction layer also deteriorated the bonding strength between titanium and dental porcelain 31) . Another study indicated that the reduction of thickness in the Ti reaction layer improved the marginal adaptation of fixed dental prostheses 32) . Based on the microscopic observation, the thickness of the reaction layer in the Zr-14Nb castings corresponded with the thickness estimated from HV. The Zr content was lower in the surface layer when compared to that of the bulk, while the Nb content was relatively higher in the surface layer compared to the bulk content of 14 mass%. Our previous study indicated that the HV increased as the Nb content increased from 0 to 9 mass%, then gradually decreased up to 20 mass% Nb, followed by a slight increase up to 24 mass% Nb 21) . This suggests that the small increase in the Nb content in the surface layer did not contribute to the increase in HV in this region. The O and Al content were considerably higher in this surface layer than that in the bulk. Therefore it was presumed that the existence of the elements O and Al was closely associated with the hardening of the surface reaction layer.
Totally judging from HV, SEM images, and EDS characterization, the thickness of the surface reaction layer in Zr-14Nb castings decreased as the specimen diameter decreased from 3.2 mm to 1.5 mm. Previous studies indicated that the thickness of the reaction layer in Ti castings varied depending on the investment 30) and the casting temperature 33) . The thickness of the castings can also affect their cooling rate because the heat of molten metal poured into a mold is absorbed faster for a smaller space, thus the solidification time of molten metal is shorter for a thinner casting 29) . The reduced solidification time can lower the potential reaction of the castings with investment material and oxygen.
For the Ti-6Al-7Nb casting, an MgO-based investment material was used in this study because the reaction layer in the Ti and Ti alloys could be minimized by using this material 23, 30) . While for the Zr-14Nb castings, an alumina-based mold material was used 21) because the standard energy changes of the formation of oxides for Al 2O3 around the melting point of Zr was more negative than MgO. However, the optimization of the mold material for Zr-14Nb has not been well assessed so far, and further studies are needed to develop a material for Zr-14Nb castings.
Plate specimens of different thicknesses were used to evaluate the castability for the framework construction of the dental prostheses 34) . The castability can be affected by the mechanism of the casting machine, investment materials, and the mechanical characteristics of the metal, especially the fluidity or ability to flow into the mold cavity prior to initiation of the solidification 35) . The reaction of the molten metal with the investment material potentially causes contamination of the metal, which can further lead to increase in the viscosity of the molten metal or the resistance of flow 36) . The higher melting temperature and viscosity of Zr compared to Ti 37) are indicative of a potential disadvantage for the castability of Zr-14Nb. However, the difference in the castability between Zr-14Nb and Ti-6Al-7Nb was not significant for plates of 0.35 mm-and 0.46 mmthickness (p>0.01). A positive factor for the castability of Zr-14Nb may be its relatively greater specific gravity compared to Ti-6Al-7Nb; this property is of benefit to the casting flow of the molten metal. The significantly lower castability of the Zr-14Nb plates in comparison with the Co-Cr castings may be attributed to the lower mold temperature (room temperature) used for the former than the latter (approximately 1,000°C) . The castability of Zr-14Nb may be improved by developing a casting machine equipped with a higher pressure capability and mold materials that react minimally with the metal.
In conclusion, Zr-14Nb castings revealed mechanical properties that were within the range of the conventional dental alloys, with greater elongation than Ti-6Al-7Nb and Co-29Cr-6Mo alloys. The hardened surface reaction layer was formed on the surfaces of the Zr-14Nb castings. The castability of Zr-14Nb was significantly lower than that of the Co-29Cr-6Mo alloy at all thickness, but comparable to that of Ti-6Al-7Nb at all thicknesses. While the Zr-Nb alloys with low magnetic susceptibility have attracted attention for dental applications, further improvements in castability and minimization of the surface reaction layer are needed for prosthodontic applications of this new alloy.
